Abstract Purpose: Loss of mitochondrial DNA (mtDNA) has been described in whole blood samples from a small number of patients with sepsis, but the underlying mechanism and clinical implications of this observation are not clear. We have investigated the cellular basis of the mtDNA depletion in sepsis, and determined clinical correlates with mtDNA depletion. Methods: Whole blood samples were obtained from 147 consecutive patients with severe sepsis admitted to a General Critical Care Unit in a University Hospital and 83 healthy controls. In a separate study of 13 patients with severe sepsis, blood was obtained for immediate cell sorting by flow cytometry. MtDNA content was determined in whole blood DNA by PCR methods, and subsequently in the 13 samples where white cell subtypes were separated. Results: The mtDNA content of peripheral blood in human subjects was lower in patients with sepsis than controls (P \ 0.0001). By studying leukocyte subsets in a subgroup of 13 patients, we showed that this was largely due to an increase in the proportion of circulating neutrophils, which contained *3-fold less mtDNA than mononuclear leukocytes. However, isolated monocytes (P = 0.041) and lymphocytes (P = 0.021) from septic patients showed clear evidence of mtDNA depletion, which correlated with the APACHE II score (P = 0.015). Conclusions: In severe sepsis much of the apparent whole blood mtDNA depletion is due to a change in the differential leukocyte count. However mtDNA depletion in mononuclear cells occurs in patients with sepsis and correlates with disease severity.
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Introduction
Sepsis is the inflammatory and metabolic host response to infectious pathogens which results in multiple organ failure with a mortality rate in excess of 40% [1] . Increasing evidence suggests that the organ dysfunction in sepsis is ultimately due to a failure of mitochondrial energy metabolism [2, 3] . Failure of cellular oxygen (O 2 ) utilization appears to be central to the development of multiple organ dysfunction in severe sepsis [4] . Over 98% of O 2 delivered to tissues is used by the mitochondrial respiratory chain to produce adenosine triphosphate (ATP), the principal intracellular energy source. Mitochondria contain their own DNA (mtDNA) which codes for 13 essential respiratory chain polypeptides, and the 24 RNA genes required for intra-mitochondrial protein synthesis. In a growing group of inherited diseases, mutations and depletion (loss) of mtDNA cause a respiratory chain defect, and compromise ATP synthesis leading to widespread organ dysfunction [5] . It is therefore of great interest that in several animal models of sepsis, organ dysfunction was accompanied by mtDNA depletion [6] [7] [8] , and low levels of mtDNA were reported in 28 patients admitted to an intensive care unit (ICU), with the level increasing in survivors [9] . Sepsis now causes 47% of hospital mortality and is responsible for 45% of hospital critical care bed occupancy [10] . Understanding the underlying mechanisms is therefore of great importance, including the role of mtDNA depletion, which could serve as a prognostic marker in the acute situation, or be directly relevant to the mechanisms of survival.
Materials and methods

Patients and subjects
The studies had ethical approval from the Newcastle and North Tyneside Local Research Ethics Committee. We initially studied 147 patients with severe sepsis, as defined by the European/North American consensus criteria [11], recording basic demographic information, the APACHE II (Acute Physiology And Chronic Health Evaluation) severity of illness data set, and outcome in ICU, at hospital discharge and at 180 days. Patients were defined as ''survivors'' if they were alive at 180 days after admission to the ICU. Eighty-three healthy community controls were recruited from a geographically and ethnically matched population. Subsequent studies were carried out on a subgroup of 13 prospectively recruited sepsis patients and 14 matched healthy controls.
Laboratory methods
Whole blood mtDNA analysis
Whole blood samples were collected from 147 sepsis patients within 24 h of fulfilling the Joint Consensus definition of severe sepsis and shock [11] . Total genomic DNA was extracted from whole blood from the 147 sepsis patients and 83 controls using a Nucleon DNA Extraction Kit (Tepnel Lifescience). The relative amount of mtDNA per cell was determined by real-time PCR using iQ Sybr Green on a BioRad ICycler iQ5 (BioRad, Hercules, CA, USA) to a target template spanning from nt 3459 to nt 3569 of the MTND1 gene [12] . This was normalized using a nuclear-encoded (nDNA) template for the glyceraldehyde-3-phosphate dehydrogenase (GAPDH [MIM *138400]) gene spanning from nt 804 to nt 903 (NCBI accession number, NM_002046.2). Each reaction was optimized and confirmed linear over an appropriate concentration range.
Each assay was performed in separate wells of the same microtitre plate. The same standards were used on each run to normalize between experiments. Samples and standards were analyzed in triplicate for both assays. The inter-and intra-assay coefficient of variation (CV) was calculated from 12 assays, each carried out in triplicate using the same genomic DNA standard. The intra-assay CV was 0.23% for MTND1, and 0.97% for GAPDH; and the inter-assay CV was 0.22% for MTND1, and 0.72% for GAPDH. The mtDNA content was expressed as a relative mtDNA/nDNA ratio.
Cell sorting
Fluorescence activated cell sorting (FACS) was used to identify the major blood cell components, using forward and side scatter based on size and morphology. Pacific Blue (CD14) was used to differentiate monocytes and lymphocytes that may be overlapping. Differential cell counts on whole blood were performed using Pacific Blue (CD14) and Pacific Orange (CD45). Platelets were collected from whole blood. To collect monocytes, lymphocytes and granulocytes, whole blood red cell lysis was performed by hypotonic lysis using Pharmlyse (Pharmingen, CA, USA) ammonium chloride (19) with 20 min incubation at room temperature. Cells were then washed three times using a BD FACS TM Lyse/Wash Assistant (Becton-Dickinson, NJ, USA). Cell types were collected in sets of 10, 50, 100 and 1,000 from both patients and controls; they were unidirectionally sorted into single wells of a 96-well plate using a BD FACSAria (Becton-Dickinson, NJ, USA) using 100-mW sapphire laser, 100-lm nozzle at a sort rate of 5,000 events per second. Quality control and stability was proven daily by the use of Spherotech single peak Ultra Rainbow beads. Plates were stored at -20°C until required.
MtDNA analysis in specific cell types
A real-time PCR assay was used to quantify the absolute number of mtDNA molecules in each cell type using the standard curve method [13] . A PCR template was generated spanning the mtDNA genome between nt 3017 and nt 4057. The template was purified by gel extraction (Qiagen, Hilden, Germany), quantified by UV absorbance at 260 nm, and serially diluted to generate a standard curve for absolute quantification of mtDNA content in samples. To analyze the samples, cells were lysed for 16 h in 50 mM Tris-HCl, pH 8.5, with 0.5% Tween 20 and 100 mg proteinase K, at 55°C, followed by heat inactivation at 95°C for 10 min. All samples and standards were analyzed in triplicate. The intra-and inter-assay variation for the single cell analysis was similar to the whole blood genomic DNA analysis, with CVs ranging from 0.11-0.73% for the MTND1 assay on fluorescently sorted single cells. There was no difference in the CV between control subjects and sepsis patients.
Statistical analysis
Data was analyzed using GraphPad Prism v3 software (GraphPad, La Jolla, CA, USA). Quantitative variables were compared using Student's t test and linear regression analysis was performed where appropriate.
Results
Patients and controls
The median age for the patients with sepsis was 63 (range 22-87), 57% being male. The median APACHE II score on recruitment was 26 (range 10-46). Mortality in ITU was 27%, at hospital discharge 45% and at 180 days 48%. There was no significant difference between the survivor and non-survivor groups in terms of ethnicity, gender, mtDNA copy number, co-morbidity and cause of the sepsis. The median age of the control volunteers was 69 (range 41-92), 36% being male.
Sepsis is associated with whole blood mtDNA depletion
In keeping with the previous study of 28 patients [9] , blood samples from the patients with sepsis contained significantly less mtDNA than controls (P = 1.18 9 10 -26 , Fig. 1 ). However, we saw no relationship between mtDNA content and survival outcome at 180 days in our cohort of 147 patients (P = 0.1705, Fig. 2 ). Although the septic group was 57% male while the control group was 36% male we found no gender influence on the blood cell mtDNA content.
MtDNA content of leukocyte sub-types in healthy control subjects Acute sepsis is usually accompanied by a dramatic increase in total circulating blood leukocytes and an increase in the proportion of neutrophils. We speculated that the apparent decrease in whole blood mtDNA content could be due to an increase in the proportion of neutrophils in the blood sample.
It is recognized that different cell types contain different amounts of mtDNA [14] , and we initially determined the mtDNA content in healthy control subjects. MtDNA content was determined in wells containing 10, 50, 100, and 1,000 monocytes, lymphocytes and granulocytes (Fig. 3) , confirming that the absolute quantification assay was linear over the required range (r 2 = 0.99). Subsequent measurements were carried out on wells containing 1,000 cells in triplicate on 14 healthy control subjects.
The mean mtDNA content was greatest in lymphoctyes (481.2, SD = 48.1) followed by monocytes (445.0, SD = 56.9, Fig. 3 ). Granulocytes contained approximately threefold less mtDNA (132.9, SD = 31.5), and platelets substantially less (5.6, SD = 2.9). Based on these values, we estimate that the normal range of granulocyte count in healthy subjects (50-70% of total leukocytes) will be associated with *1.3-fold difference in mtDNA content of the peripheral blood. This range is comparable to the range of values we observed in healthy subjects (Fig. 1) , and suggests that a large proportion of the variation in blood mtDNA content between controls actually arises through differences in the proportion of neutrophils to other cell types. MtDNA content of leukocyte sub-types in sepsis patients
To determine whether the observed difference in whole blood mtDNA content in the sepsis patients was simply due to the associated neutrophil leukocytosis, we determined the absolute mtDNA content in FACS sorted leukocytes from 13 sepsis patients, taken within 12 h of fulfilling the Joint Consensus severe sepsis criteria [11] , and compared this to 14 healthy control subjects (Fig. 4) . Although there was no difference in the mean granulocyte mtDNA content (176.4, SD = 77.6, P = 0.065), the mean mtDNA content was significantly less in both monocyte (344.0, SD = 164.9, P = 0.041), and lymphocyte populations (366.7, SD = 167.1, P = 0.021).
Clinical implications of the mtDNA depletion
If there is a causal relationship between sepsis and the amount of mtDNA in leukocytes, then the degree of mtDNA depletion should correlate with the severity of the sepsis. In keeping with this, we found a significant linear relationship between illness severity (as assessed by the APACHE II score recorded at the time of sampling) and mtDNA copy number in the FACS sorted mononuclear sub-sets (pooled monocytes and lymphocytes) (P = 0.015; r 2 = 0.222, Fig. 5) . Part of the variation in the reduction in mtDNA copy number may therefore be the result of differing illness severity. This in turn is likely to reflect differences in the intensity of the inflammatory response between patients.
Discussion
Our observations in 147 patients confirm that sepsis is associated with a reduction of mtDNA content in peripheral blood. However, a large proportion of this change is actually attributable to an increased proportion of peripheral blood neutrophils. A previous study of 28 critically ill patients (14 of which were septic), demonstrated a longitudinal increase in blood mtDNA levels over a short period of time (less than 28 days) in ICU.
Our study design differs as we observed mtDNA content cross-sectionally in septic survivors and non-survivors (at 180 days) in samples taken within 24 h of fulfilling joint consensus criteria. It is therefore possible that the previously observed increase in mtDNA content that accompanies recovery [9] following sepsis could simply reflect falling neutrophil counts after the acute phase. By studying cell subtypes in a limited group of patients with sepsis, we show for the first time that the mtDNA content of circulating monocytes and lymphocytes is decreased in the acute phase of sepsis. How can we explain this finding, and what are the implications for our understanding of sepsis? Sepsis has been shown to be associated with a disturbance of toll-like receptor 4 (TLR4) expression in Kupffer cells [15] , and the hepatic mtDNA damage shown in a mouse model of bacterial sepsis appeared to be mediated through TLR4 activation [16] . Based on these observations, one hypothesis is that TLR4 activation in human sepsis leads to mtDNA damage in circulating blood mononuclear cells, with the subsequent removal of damaged organelles by autophagy. Given their longer circulating half-life, monoctyes and lymphocytes would be more susceptible to the cumulative effects of TLR4 activation than neutrophils which can circulate for less than 12 h during septicaemia. This could explain why these cell types show the most obvious mtDNA depletion in our study. The global transcriptional downregulation of mitochondrial genes observed in acute systemic inflammation includes key genes required for mtDNA replication [15] . This would compromise the situation even further, leading to persistently low mtDNA levels.
On the other hand, one could also speculate that the loss of mtDNA may not be a passive consequence of sepsisinduced damage, but actually contribute to the host defense mechanism, as has recently been demonstrated in eosinophils exposed to bacteria [17] .
Could the depletion of mtDNA in the lymphocytes and monocytes contribute to the pathophysiology of sepsis? Mononuclear cells have important regulatory functions that influence the acute (innate) immune response to infections [18] . Monocytes and some lymphocyte sub-sets express pattern recognition receptors to micro-organisms and their breakdown products [19] . Binding of these ligands to the receptors results in cell activation with both initiation and amplification of the innate immune response. Recovery from infection also involves a successful transition to adaptive immunity. Monocytes and lymphoctes are again central to this process in terms of antigen processing, presentation and amplification of response. Alteration in mtDNA copy number is increasingly recognized as important in cell growth and differentiation [20] . T cell activation, for example, requires an acute increase in mtDNA copy number [21] as does the differentiation of some stem cell lines [22] . It is therefore tempting to speculate that the fall in mtDNA copy number in mononuclear cells will impair the immune response to infection [23] .
Lymphocyte depletion in chronic sepsis is associated with a poor prognosis but the underlying mechanism is not clear [23] . For similar reasons, it is plausible that the observed mtDNA depletion contributes to this, through bioenergetic compromise operating on peripheral blood leukocytes or their precursors in the bone marrow. In addition, it is possible that the depletion we have observed in specific blood cell types could also be a marker of mtDNA depletion in other tissues such as vascular endothelium, skeletal muscle and myocardium, which are intimately involved in the pathophysiology of sepsis [1, 24] . Studying the underlying mechanisms of mtDNA depletion is likely to have direct relevance to the observed decrease in respiratory chain activity in these tissues, and thus advance our understanding of the pathophysiology of sepsis [3] .
Finally, our observations also have more general relevance for the measurement of mtDNA in blood. For example, the differential white blood cell count should be considered in HIV patients treated with nucleoside analogues because a drop in the blood mtDNA content could simply reflect a neutrophil response to mild infection. Likewise, the ''mild'' mtDNA depletion measured in blood samples from patients with genetically determined mtDNA depletion disorders [25, 26] could also be partly due to a neutrophil leukocytosis-particularly on acute presentation which is often complicated by systemic infection. Previous studies have reported with either normal or low mtDNA values in both of these contexts [27, 28] . We have shown that the differential leukocyte count is a major confounding variable in this context, Fig. 5 Correlation of APACHE II score of severity of illness in 13 sepsis patients and absolute mtDNA copy number from FACS sorted mononuclear sub-sets. Line represents linear regression (r 2 = 0.222, P = 0.015). Open squares represent lymphocytes and filled squares represent monocytes which provides a possible explanation for the discrepancies between previous studies. This raises the possibility that by incorporating blood count data, it might be feasible to diagnose mtDNA depletion disorders with a peripheral blood sample, and thus prevent invasive tissue biopsies in children who are often critically ill.
Conclusions
Mitochondrial content of whole blood falls in early human sepsis. Much of this fall is a result of the higher proportion of circulating neutrophil leukocytes which contain a lower mitochondrial copy number compared with mononuclear cells. However, there is a real fall in mitochondrial content in mononuclear cells. It is possible that this will have functional consequences in terms of immune depression.
